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Capsaicin (Cap) is a pungent extract of the Capsicum pepper
family, which activates nociceptive primary sensory neurons.
Inward current and membrane potential responses of cul-
tured neonatal rat dorsal root ganglion neurons to capsaicin
were examined using whole-cell and perforated patch re-
cording methods. The responses exhibited strong desensi-
tization operationally classified as acute (diminished re-
sponse during constant Cap exposure) and tachyphylaxis
(diminished response to successive applications of Cap).
Both acute desensitization and tachyphylaxis were greatly
diminished by reductions in external Ca21 concentration.
Furthermore, chelation of intracellular Ca21 by addition of
either EGTA or bis(2-aminophenoxy)ethane-N,N,N9,N9-tetra-
acetic acid to the patch pipette attenuated both forms of
desensitization even in normal Ca21. Release of intracellular
Ca21 by caffeine triggered acute desensitization in the ab-
sence of extracellular Ca21, and barium was found to effec-
tively substitute for calcium in supporting desensitization.

Cap activated inward current at an ED50 of 728 nM, exhibiting
cooperativity (Hill coefficient, 2.2); however, both forms of
desensitization were only weakly dependent on [Cap], sug-
gesting a dissociation between activation of Cap-sensitive
channels and desensitization. Removal of ATP and GTP from
the intracellular solutions resulted in nearly complete tachy-
phylaxis even with intracellular Ca21 buffered to low levels,
whereas changes in nucleotide levels did not significantly
alter the acute form of desensitization. These data suggest a
key role for intracellular Ca21 in desensitization of Cap re-
sponses, perhaps through Ca21-dependent dephosphoryla-
tion at a locus that normally sustains Cap responsiveness via
ATP-dependent phosphorylation. It also seems that the sig-
naling mechanisms underlying the two forms of desensitiza-
tion are not identical in detail.
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The ability of neurons to adapt to specific stimuli is crucial for the
normal physiological operation of the nervous system. Through
the process of desensitization, a neuron can diminish its overall
response to a particular chemical, physical, or electrical signal.
For example, the inactivation of glutamate-dependent ion chan-
nels within the CNS seems to play a protective role during a
prolonged exposure to glutamate by limiting potentially cytotoxic
calcium overload in the neurons (Choi, 1988). Since the early
characterization of the desensitization of acetylcholine responses
at the frog neuromuscular junction by Katz and Thesleff (1957),
receptors in a wide range of excitable tissues have demonstrated
desensitization and provided model systems to investigate the
possible mechanisms underlying this change in sensitivity to
agonists.

The desensitization of sensory neurons is particularly important
considering their crucial role in the physiological perception of and
reaction to the external environment. Capsaicin (8-methyl-N-vanillyl-
6-nonenamide) is the active ingredient in hot peppers that selectively
targets polymodal nociceptive and warmth-sensitive thermoreceptor

fibers of the C and Ad classes (Jancso et al., 1967; Bevan and
Solcsanyi, 1990; Dray, 1992; Dray and Dickenson, 1993). Capsaicin
excites afferent neurons through the activation of a nonselective
cation channel, leading to depolarization and release of neurotrans-
mitters, including substance P, from sensory nerve terminals (Bevan
and Forbes, 1988; Holzer, 1988). The capsaicin response exhibits a
pronounced desensitization that functionally inactivates nociceptive
neurons subsequent to the initial excitation (Jancso et al., 1967). This
selective inactivation of nociceptive neurons by capsaicin has gener-
ated extensive research on the possible therapeutic effectiveness of
capsaicin as a clinical analgesic tool (Bernstein, 1987; Maggi, 1991;
Wallengren, 1991; Breneman et al., 1992; Campbell et al., 1993;
Epstein and Marcoe, 1994).

In the present study we investigate the mechanisms of desensi-
tization of the capsaicin-activated current. Desensitization exhib-
ited by capsaicin can be divided into two phenomenological cat-
egories: (1) “acute desensitization,” an inactivation of the current
during a prolonged application of capsaicin; and (2) “tachyphy-
laxis,” a diminution of the maximal current amplitude during
successive deliveries of the same capsaicin concentration. It has
been observed previously that tachyphylaxis of capsaicin-activated
currents is affected by changes in extracellular calcium (Santicioli
et al., 1987; Yeats et al., 1992; Cholewinski et al., 1993), but there
are no comparable observations concerning the acute desensiti-
zation of capsaicin responses. Although examination of the pub-
lished data suggests that acute desensitization occurs during ex-
tended applications of capsaicin in calcium-containing external
solutions (Marsh et al., 1987; Petersen and LaMotte, 1991; Bevan

Received Sept. 26, 1997; revised Feb. 27, 1997; accepted March 6, 1997.
This work was submitted in partial fulfillment of the requirements for the Ph.D. in

neurobiology at the University of North Carolina at Chapel Hill (P.A.K.) and was
supported by National Institutes of Health Grants NS18788 (G.S.O.) and HL49449
(R.L.R.). We thank William Maixner and Sid Simon for helpful discussions through
the course of this work. Expert technical assistance was provided by Rakhshi Khan.

Correspondence should be addressed to Gerry S. Oxford, Department of Physi-
ology, University of North Carolina School of Medicine, Campus Box 7545, 04
Medical Science Research Building, Chapel Hill, NC 27599.
Copyright © 1997 Society for Neuroscience 0270-6474/97/173525-13$05.00/0

The Journal of Neuroscience, May 15, 1997, 17(10):3525–3537



et al., 1992), this phase of desensitization has not been evaluated
in detail.

The experiments described in this paper were designed to
characterize the acute desensitization and tachyphylaxis of the
capsaicin-activated channel in cultured neonatal rat dorsal root
ganglion (DRG) neurons and to evaluate the role of divalent
cations in these processes. In addition to confirming the earlier
reports of extracellular calcium dependence, we demonstrate that
the locus of this sensitivity is a rise in intracellular Ca21. Further-
more, we show that desensitization can be supported by other
divalent cations, including Ba21.

MATERIALS AND METHODS
Dissociations and cultures of dorsal root ganglion neurons. Sprague Dawley
rat pups between the ages of 2 and 8 d were used for preparation of the
DRG cultures. After the DRGs were collected into a Petri dish contain-
ing Ca- and Mg-free HBSS (CMFH), a scalpel was used to trim the
remaining nerve roots and connective tissue from the ganglia. All cleaned
ganglia were collected into a sterile 15 ml polystyrene centrifuge tube
containing approximately 2 ml of CMFH with 0.01% added trypsin
(Sigma, St. Louis, MO) (type III, bovine pancreas) and incubated at 37°C
for 6–10 min in 5% CO2.

After the trypsin incubation, the DRGs were rinsed twice with a Ham’s
F-12 growth medium (Life Technologies, Gaithersburg, MD) supple-
mented with 10% fetal bovine serum and 100 U/ml penicillin–streptomy-
cin. After the rinses, the DRGs were resuspended in 1–2 ml of growth
medium and triturated with a fire-polished siliconized glass pipette. The
dissociated neurons were plated in 12-well dishes containing plastic
coverslips previously exposed to ultraviolet radiation for 15 min and
coated with 0.04 mg/ml sterile poly-D-lysine. After the neurons were
returned to the incubator for 30–60 min to allow proper adherence to the
coverslips, 1 ml of growth medium containing 50 ng/ml nerve growth
factor (Sigma) (nerve growth factor 2.5S, mouse submaxillary gland) was
added to each well. The final density of the plated cells was relatively
high, because cell density seemed to affect both the success rate of
patch-clamp recordings and the amplitude of capsaicin responses. The
experiments were conducted exclusively on cells cultured for only 20–30
hr to help reduce both cell culture artifacts and the heterogeneity of the
capsaicin responses.

Electrophysiological solutions. All experimental solutions were adjusted
to pH 7.4 and osmolarity of ;300 mOsm. The standard external solution
(SES) contained (in mM): 145 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES,
and 10 glucose. The calcium-free external solution (0 Ca-ES) contained
no added calcium and 1 mM EGTA to chelate ambient calcium. The
standard internal solution (SIS) consisted of (in mM): 130 potassium
aspartate, 20 KCl, 10 HEPES, 10 glucose, and 0.10 GTP; in addition, SIS
contained a nucleotide-regenerating system consisting of (in mM): 2
cAMP, 2 MgATP, and 5 Na2 creatine phosphate, and 20 U/ml creatine
phosphokinase (Forscher and Oxford, 1985). In a subset of experiments,
EGTA or bis(2-aminophenoxy)ethane-N,N,N9,N9-tetra-acetic acid
(BAPTA) was included in the internal solution (EGTA-IS or BAPTA-IS,
respectively) at a concentration of 10 mM.

For all of the experiments, drug solutions were delivered to the cells via
a U tube perfusion system with a delivery response time on the order of
milliseconds (Oxford and Wagoner, 1989). To confirm the proper deliv-
ery of all solutions throughout the course of an experiment, each solution
contained fast green dye to monitor the drug delivery visually. In all
control experiments, drug-free external solutions containing the dye had
no effects on membrane current. The 10 mM capsaicin (LC Laboratories)
stock was prepared in ethanol, and vacuum-dried aliquots were stored at
270°C. Caffeine was obtained from Sigma.

Electrophysiological techniques Standard whole-cell patch-clamp meth-
ods were used to record the membrane current and voltage from indi-
vidual DRG neurons. The whole-cell responses activated by capsaicin
were recorded with an Axopatch 1B amplifier (Axon Instruments) and
filtered at 5 kHz with a low-pass four-pole Bessel filter. N51A glass tubing
(Drummond Scientific, Broomall, PA) was used to make the recording
electrodes by a two-step process on a Narashige PP-83 electrode puller.
After pulling, electrodes were dipped in melted dental wax (Kerr sticky
wax) to minimize the capacitive properties. Immediately before experi-
ments, electrodes were fire polished with a custom-built microforge to a
final electrode resistance of 3–6 MV. All experiments were performed at
room temperature (21–23°C). After seal formation and establishment of

the whole-cell recording mode, cells were dialyzed for 5 min before drug
application. An inward current response to capsaicin of .10 pA was
considered a positive response. The holding potential in all voltage-clamp
experiments was 260 mV. In all recordings, whole-cell capacitance com-
pensation was used, and 80% of the series resistance was compensated
electronically for the voltage-clamp experiments. The access resistance
values typically ranged from 3 to 15 MV. All recordings were made from
cells displaying no neurite processes to reduce errors associated with poor
spatial control of membrane potential.

The data were collected on videotape using a digital audio processor
interface and redigitized off-line by computer for analysis with Axotape
software (Axon Instruments). The results were analyzed using the Stu-
dent’s t test, one-way and two-way ANOVA statistical tests, and multi-
variant ANOVA using the Tukey–Kramer correction for sample size
(Systat, Evanston, IL).

Perforated patch technique We used the perforated patch technique to
allow electrophysiological recordings of neurons in which the intracellu-
lar environment had been minimally disrupted (Horn and Marty, 1988).
For our perforated patch recordings, amphotericin B was used at a final
concentration of 200 mg/ml, and the internal solution was a K2SO4-based
solution.

Intracellular calcium imaging All calcium imaging experiments were
performed on intact DRG neurons plated on glass coverslips with a
polylysine/laminin substrate. This substrate procedure was used because
the neurons failed to adhere properly to the glass if only poly-D-lysine was
present. These neurons exhibited extensive processes and interneuronal
connections within the first 24 hr after plating in contrast to the round cell
morphology observed in the absence of laminin.

The fluorescent indicator used in the imaging experiments was fluo-3
(Molecular Probes, Eugene, OR). The dye was prepared as a 5 mM stock
in dimethylsulfoxide/Pluronic F127 and stored at 220°C. The stock was
diluted in SES for a final concentration of 5 mM. The cells were rinsed
three times with PBS and incubated in fluo-3 AM for 30–60 min 37°C.
After the incubation, the slips were rinsed once with SES and placed in
a glass bottom recording chamber on the stage of an inverted microscope
(Nikon Diaphot). All control and drug-containing solutions were deliv-
ered to the cells by a continuous flow bath exchange system.

Light from a 75-W xenon arc lamp was passed through an infrared
water filter and a Uniblitz shutter and focused onto a liquid light guide
(Oriel Corp.), which both “scrambles” and transmits light to a custom
filter cube (Omega Optical). For fluo-3, the excitation wavelength was at
485 nm, and the fluorescence emission was bandpass filtered at 535 nm.
Epifluorescence emission was collected via a quartz phase objective (40
or 1003). On the emission side, light was amplified by a VideoScope
KS-1381 intensifier and passed to a Dage 72 CCD camera. Video images
were captured on an 80386-based microcomputer using the Image-1
software package (Universal Imaging Corporation, West Chester, PA),
which permits logging of fluorescence intensity versus time for several
cells (indicated by “regions of interest” boundaries) as a measure of
intracellular [Ca21] changes (arbitrary units).

RESULTS
Desensitization of capsaicin responses
We first characterized and verified the capsaicin responses in our
DRG neuron cultures because culture conditions and plating
substrate can have a substantial impact on cellular phenotype. A
typical current activated by 1 mM capsaicin is shown in Figure 1.
Capsaicin activated an inward current carried predominately by
sodium ions in the bath solution with a small additional contribu-
tion from external calcium ions (data not shown). In neurons
voltage clamped at a holding potential of 260 mV, 1 mM capsaicin
activated inward currents that ranged in peak amplitude from 50
pA to .19 nA (producing saturation of the patch-clamp amplifi-
er). The mean current amplitude for a representative set of
neurons was 2.17 6 0.33 nA (n 5 30).

As seen in Figure 1 (inset), there was a delay between the initial
exposure to capsaicin and activation of the inward current. In all
experiments, the duration of this activation interval was quite
variable and ranged from 1 to 5 sec. The delay was not the result
of a time required for the drug to reach the cell, because the U
tube perfusion system has a delivery response time on the order of
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20–30 msec (Oxford and Wagoner, 1989). Rather, the slow acti-
vation of the capsaicin-dependent channels suggests that a cou-
pling mechanism involving other membrane-associated proteins
or cellular messengers is the rate-limiting step in the current
activation. Alternatively, a slow diffusion of capsaicin through the
plasma membrane to an intramembrane or intracellular site of
action may be responsible for the delay in activation.

The capsaicin-activated current exhibits two types of desensiti-
zation, both of which are illustrated in Figure 1. We have defined
acute desensitization as the decrease in inward capsaicin-activated
current during an extended application of capsaicin. We specifi-
cally distinguish this from tachyphylaxis, which refers to the dim-
inution of the current amplitude observed during repeated appli-
cations of the same capsaicin concentration. Overall, the acute
desensitization and tachyphylaxis of capsaicin responses through-
out this study were quite heterogeneous in that some currents
displayed complete desensitization, whereas other capsaicin re-
sponses only partially desensitized. One explanation for this vari-
ability is that the mechanisms underlying acute desensitization
and tachyphylaxis result in the inactivation of a fraction or sub-
population of the channels. The additional variability in activation
kinetics of capsaicin-dependent currents may also reflect the con-

tribution of subtypes of capsaicin-gated channels. The existence of
capsaicin receptor channel subtypes has previously been sug-
gested by Liu and Simon (1994) based on the rapid and slow
inward currents activated by capsaicin in rat trigeminal neurons.

Calcium dependence of desensitization
We next sought to determine whether external calcium was nec-
essary for and therefore integral to capsaicin-induced acute de-
sensitization and tachyphylaxis in our culture preparation of DRG
neurons. Figure 2 illustrates consecutive capsaicin responses re-
corded in the absence and presence of extracellular calcium. In
the 0 Ca-ES solution, negligible desensitization was observed
during the first capsaicin challenge. After switching to the SES
containing 2 mM external calcium, the capsaicin-activated current
desensitized to only 15% of the maximal current amplitude. The
peak current magnitude decreased very little between the first two
applications, indicating a lack of tachyphylaxis in the absence of
Ca21. In contrast, a pronounced tachyphylaxis was evident in the
third response, presumably because of the presence of extracel-
lular calcium during the second activation of the capsaicin-
dependent current. The channels were not completely inactivated,

Figure 1. Capsaicin-activated current
responses in a rat DRG neuron. One
micromolar capsaicin was delivered
twice (horizontal bars) to a single neu-
ron voltage clamped at 260 mV with an
interdose interval of 2 min, indicated by
the break in the trace. External and in-
ternal solutions were SES and SIS, re-
spectively. Note that acute desensitiza-
tion begins before capsaicin is removed
in the first application but is not al-
lowed to proceed beyond approxi-
mately 25% (arrow). The initial re-
sponse of the neuron to capsaicin is
shown on an expanded time scale in the
inset, demonstrating the delay between
capsaicin application and current
response.

Figure 2. Desensitization of capsaicin responses
depends on extracellular calcium. Membrane cur-
rents at 260 mV were recorded as 0.5 mM capsaicin
was delivered three successive times to a single
DRG neuron followed by an application of 5 mM
capsaicin (horizontal bars) with 2 min intervals be-
tween applications. The first application was per-
formed in 0 Ca-ES, and subsequent applications
were performed in SES. The internal pipette solu-
tion was BAPTA-IS in all cases. Note the striking
desensitization that occurs when calcium is reintro-
duced to the bath for the second application.
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in that a subsequent challenge with a higher concentration of
capsaicin (5 mM) stimulated a substantial inward current.

Concentration dependence of
calcium-facilitated desensitization
In an effort to quantify the relationship between external calcium
and desensitization, the external calcium concentration was varied
within the range of 0–10 mM, and both the acute desensitization
and tachyphylaxis of capsaicin responses were assessed. We also
manipulated the relative concentration of free internal Ca21 by
including Ca21 chelators in the pipette solution. BAPTA and
EGTA were both tested, because these compounds differ in their
efficiency of calcium chelation. Although each chelator is highly
selective for Ca21 over Mg21, BAPTA mediates a faster Ca21

chelation with no pH sensitivity, because protons are not released
during the binding of Ca21 (Tsien, 1980). The three internal
solutions tested were: (1) control, with no added chelator (SIS);
(2) 10 mM BAPTA (BAPTA-IS); and (3) 10 mM EGTA
(EGTA-IS).

The experimental protocol performed to test acute desensitiza-
tion used a 60 sec challenge with 1 mM capsaicin. For the tachy-
phylaxis protocol, a series of successive 15–20 sec applications of
1 mM capsaicin with interdose intervals of 2 min was delivered.
Experiments testing the effect of the interdose interval on tachy-
phylaxis indicated that there was no significant difference in the
extent of tachyphylaxis observed for interval durations ranging
from 30 sec to 20 min (results not shown). This finding agrees with
the results of Cholewinski et al. (1993), who observed only limited

recovery of capsaicin-stimulated increases in intracellular Ca21 at
25 min.

Acute desensitization
Overall, the results indicated that both the rate and degree of
acute desensitization were dependent on the concentration of
external calcium. Representative traces recorded in various exter-
nal Ca21 concentrations with either SIS or BAPTA-IS are shown
in Figure 3, A and B, respectively. It is evident that the capsaicin
responses displayed little acute desensitization in the absence of
external calcium. As the external calcium was increased, the rate
and degree of acute desensitization was enhanced. The presence
of internal chelation capacity seemed to reduce the acute desen-
sitization at lower Ca concentrations. This can be seen from a
comparison of the acute desensitization observed for the 1 mM

Ca21 concentration in SIS (Fig. 3A) and BAPTA-IS (Fig. 3B).
The summary of the calcium dependence of the degree of acute

desensitization is presented in Figure 3C. For 0 Ca-ES and all
three internal solutions, the acute desensitization of the capsaicin
responses was absent or minimal in the 55 cells tested. As the
external calcium concentration was raised, a larger percentage of
cells demonstrated acute desensitization, and the degree of de-
sensitization also increased. Furthermore, at the low Ca21 con-
centration of 1 mM, desensitization was inhibited by internal Ca21

buffering by either EGTA or BAPTA.
Statistical analysis of the results for the 0, 1, and 2 mM external

Ca21 solutions indicated a significant effect of external calcium
concentration ( p , 0.0005), internal solution ( p 5 0.055), and a

Figure 3. Calcium dependence of
acute desensitization. A, Current re-
sponses of three separate neurons to a
60 sec application of 1 mM capsaicin at
the indicated extracellular calcium con-
centrations (0, 1, and 2 mM). In each
case the intracellular solution was SIS.
Current amplitudes were normalized to
that of the largest response to compare
desensitization kinetics. B, Current re-
sponses of another three cells to capsa-
icin at the indicated extracellular cal-
cium concentrations (0, 1, and 10 mM).
These cells were dialyzed with BAPTA-
IS. C, Summary graph of the percent-
age of acute desensitization (mean 6
SEM) observed during a 60 sec appli-
cation of 1 mM capsaicin at various
external calcium concentrations and
the indicated intracellular solutions
(open bars, SIS; filled bars, EGTA-IS;
striped bars, BAPTA-IS). The number
of neurons in each trial is indicated
over each bar.
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significant interaction between these two variables ( p 5 0.010,
two-way ANOVA). Results of the posthoc analysis indicated that
the inclusion of BAPTA ( p 5 0.014) significantly reduced the
degree of desensitization for the 1 mM external Ca21 condition
relative to control, whereas the addition of EGTA had an effect of
only marginal significance ( p 5 0.105). There was no significant
difference for the three internal solutions in the 0 mM ( p . 0.455)
and 2 mM ( p . 0.2) Ca21 solutions.

The dependence of acute desensitization on calcium concen-
tration raises the question of whether the site for calcium modu-
lation of acute desensitization is extracellular or intracellular. The
sensitivity of acute desensitization to internal chelation suggests
that intracellular calcium concentration is the important variable
for activation of acute desensitization processes. To further ex-
plore the possibility that intracellular calcium is the key effector in
acute desensitization, we investigated the action of caffeine on
capsaicin responses in the absence of extracellular calcium. Rat
DRG and other neurons have been shown to release calcium from
internal stores in response to a caffeine challenge (Holliday et al.,
1991; Benham et al., 1992; Schmigol et al., 1994). The presence of
caffeine-sensitive calcium stores in our cultures of DRG neurons
was confirmed in calcium-imaging experiments using fluo-3 as an
indicator. As previously demonstrated in 0 Ca-ES, the capsaicin-
activated current typically reaches a plateau amplitude and exhib-
its little to no acute desensitization (see Figs. 2 and 3). The ability
of intracellular calcium to trigger acute desensitization in the
absence of external calcium influx was tested by an application of

10 mM caffeine to release calcium from internal stores during a
capsaicin response in 0 Ca-ES.

A challenge with 10 mM caffeine induced acute desensitization
of the capsaicin-activated currents in the absence of extracellular
calcium (Fig. 4). As seen by example for two different neurons in
Figure 4, A and B, the current amplitude was relatively stable
during the first minutes of the capsaicin delivery, whereas the
current rapidly diminished after approximately 10 sec of exposure
to caffeine. The normalized average time course of elevation in
intracellular calcium measured by fluo-3 brightness on separate
neurons (n 5 3) is illustrated by the open circles (Fig. 4A,B). An
example of a control cell in which the capsaicin-stimulated current
exhibited a large activation and no acute desensitization is shown
in Figure 4C. The summary of results for all caffeine experiments
is presented in Figure 4D, indicating that the level of acute
desensitization measured in the caffeine-treated cells was signifi-
cantly larger in comparison with the control condition ( p , 0.009,
Student’s t test). These findings indicate that intracellular calcium
indeed increases in our DRG neurons in response to caffeine with
sufficient rapidity to precede changes in current and furthermore
suggests that this rise in internal calcium is capable of supporting
acute desensitization processes in the absence of external calcium
and calcium influx.

Tachyphylaxis
In general, the degree of tachyphylaxis increased with increases in
external calcium concentration as seen for acute desensitization.

Figure 4. Acute desensitization is trig-
gered by elevations of intracellular cal-
cium. Current responses to a 2 min ap-
plication of 1 mM capsaicin were
recorded in three separate DRG neu-
rons in the absence of extracellular cal-
cium (0 Ca-ES). After 1 min of the
capsaicin application (horizontal lines),
10 mM caffeine was added (A and B,
shaded bars) in the continued presence
of capsaicin to trigger the release of
calcium from intracellular stores. Note
the rapid decline in current after caf-
feine application. In another experi-
ment, the change in intracellular cal-
cium was monitored in three different
neurons by fluo-3 fluorescence. The
normalized and averaged responses are
depicted by the open circles in A and B
to demonstrate that the time course of
calcium elevation is consistent with the
suppression in capsaicin-induced cur-
rent. In C, the capsaicin-induced cur-
rent could be maintained in the absence
of caffeine during the entire 2 min cap-
saicin application. A comparison of
acute capsaicin desensitization between
control and caffeine-treated neurons
(D, mean 6 SEM) indicates a signifi-
cant potentiation by caffeine ( p ,
0.009, Student’s t test).
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An example of the tachyphylaxis behavior recorded under control
conditions (SIS internal) in an external Ca21 concentration of 2
mM is shown in Figure 5A. It is evident that the tachyphylaxis
proceeds with successive capsaicin applications. A summary of the
tachyphylaxis for all three internal solutions is shown in Figure 5B.
The initial maximal current amplitude (Imax) corresponds to the
maximal current amplitude observed during the initial delivery of
1 mM capsaicin. The results are presented as the percentage of this
initial capsaicin-activated current calculated for each response
elicited by four consecutive capsaicin applications. It should be
noted that in contrast to the reduced currents typically observed
during successive applications of capsaicin, an increase in the peak
current amplitude was observed for three of seven cells during
dialysis with BAPTA-IS. This increase in current amplitude is
similar to the potentiation phenomenon reported by Yeats et al.
(1992), who observed an increase in capsaicin responses in the
presence of external barium and internal EGTA chelation. In our

experiments, the potentiation was occasionally observed under a
variety of solution conditions but was most pronounced in solu-
tions containing external barium and internal BAPTA (see Fig. 7B
below). At present, the mechanism underlying this increase in
current is not known.

The mean tachyphylaxis observed for the second capsaicin
application across the entire range of external Ca concentration is
compared between SIS and BAPTA internals solutions in Figure
5C. It is evident that the actual calcium concentration at which the
tachyphylaxis of the second capsaicin response reached 50–75%
changed markedly with calcium chelation. Statistical analysis of
these data revealed a significant effect of the internal solution
( p 5 0.001), the external calcium concentration ( p , 0.0005), and
an interaction between these two independent variables ( p 5
0.066, two-way ANOVA). A further comparison of specific pairs
of solution conditions indicated the following: (1) at 0 mM external
Ca21, there was no significant difference in the tachyphylaxis

Figure 5. Calcium dependence of capsaicin tachyphylaxis. A, An example of tachyphylaxis to four consecutive applications of 1 mM capsaicin (horizontal
bars) given at 2 min intervals (breaks in the trace). The external and internal solutions were SES and SIS, respectively. B, A plot of the normalized mean
(6 SEM) peak capsaicin-activated current as a function of the number of sequential applications. In all cases the external solution was SES, whereas the
intracellular (pipette) solution was as indicated. Note how chelation of intracellular calcium retards the tachyphylaxis. C, Mean (6 SEM) capsaicin-
activated current during the second of four consecutive applications (1 mM) normalized to the maximum response to the first application for each neuron.
Data are presented for intracellular dialysis with SIS (open bars) and BAPTA-IS (striped bars) for the number of neurons indicated above each bar.
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observed in SIS and BAPTA-IS ( p 5 0.31); (2) for 1 mM external
Ca21, BAPTA-IS had significantly less tachyphylaxis than SIS
( p 5 0.03), and BAPTA-IS and EGTA-IS (data not shown) did
not differ significantly ( p 5 0.61); and (3) for 5 mM external Ca21,
there was no significant difference in tachyphylaxis among the
three internal solutions ( p . 0.64). All of the above p values are
unadjusted values resulting from a post hoc analysis of individual
group means.

Desensitization and capsaicin concentration
We examined the acute desensitization and tachyphylaxis behav-
ior as a function of capsaicin concentration (0.05–5 mM) in the
SES and SIS solutions, as summarized in Figure 6. The degree of
acute desensitization to single applications of capsaicin ranging
from 50 nM to 5 mM was assessed as the fraction of peak current,
which declined to a steady state level during the application (Fig.
6, open circles). The degree of tachyphylaxis was assessed as the
fraction of peak current response to a brief initial capsaicin
application that was absent during a second application 20 sec
later (Fig. 6, open triangles). Statistical analysis of the data reveal
that the degree of acute desensitization was not dependent on
capsaicin concentration ( p 5 0.32, one-way ANOVA). Likewise,
although a substantial decrease in the current amplitude occurred
between the first and second capsaicin applications, there was
little difference evident in the extent of current reduction among
the capsaicin concentrations examined ( p 5 0.18, one-way
ANOVA). Both types of desensitization were also tested across
this capsaicin concentration range for the 0 Ca SES/BAPTA-IS
condition (results not shown). Although there was a pronounced
reduction in the overall degree of acute desensitization and tachy-
phylaxis recorded in the absence of extracellular calcium, there
was no significant effect of capsaicin concentration on the desen-
sitization behavior.

The absence of agonist concentration dependence for desensi-
tization stands in sharp contrast to the concentration dependence

of inward current activation. For comparison, the dose-response
relationship for capsaicin-induced currents is shown in Figure 6
( filled circles), which reveals a steep dependence of current acti-
vation on agonist concentration. The Hill coefficient of 2.2 sug-
gests possible cooperativity between two capsaicin molecules to
activate a conductance increase. Consequently, it seems that the
activation of additional receptors by higher concentrations of
capsaicin and the corresponding larger inward currents fail to
produce a significantly greater degree of acute desensitization or
tachyphylaxis.

Barium and desensitization
The ability of barium to substitute for calcium in various biolog-
ical processes is often thought to reveal fundamental insights into
the mechanisms of divalent cation regulation. We thus examined
the desensitization of capsaicin-activated currents (acute and
tachyphylaxis) with an external solution containing 2 mM Ba21 in
place of calcium (Ba-ES) and three different internal solutions
(SIS, EGTA-IS, and BAPTA-IS). In general, the capsaicin re-
sponses recorded in Ba-ES were smaller in amplitude than the
currents observed in SES, supporting the notion that calcium
permeates the capsaicin-gated channels more readily than does
barium. Specifically, the mean current amplitude of 0.61 6 0.13
nA (n 5 36) measured in Ba-ES was significantly less than the
mean values for both the SES condition (2.17 6 0.33 nA; n 5 30)
and the 0 Ca SES condition (3.55 6 0.30 nA; n 5 22; p , 0.0001,
one-way ANOVA).

For all three internal conditions (SIS, EGTA-IS, and BAPTA-
IS), the capsaicin-activated currents exhibited substantial declines
during agonist application in Ba-ES, demonstrating that this di-
valent can effectively support acute desensitization (Fig. 7A, open
bar). Although there was no statistical difference in the level of
acute desensitization observed in Ba-ES among the three internal
solutions ( p 5 0.25, one-way ANOVA), the mean level of desen-

Figure 6. Desensitization is not tightly cou-
pled to current activation. Capsaicin dose–
response curves are represented as mean 6
SEM values of normalized maximum current
during a single agonist application ( filled cir-
cles), fractional current decay during agonist
(acute desensitization, open circles), or frac-
tional loss of current during the second of two
consecutive agonist applications (tachyphylax-
is, open triangles). Straight lines through the
desensitization responses are simple linear re-
gressions. The curve is a fit of the Hill equation
to the peak current data, yielding an ED50
value of 728 nM and a Hill coefficient of 2.2. A
minimum of four neurons were examined at
each capsaicin concentration for desensitiza-
tion responses, whereas the numbers of neu-
rons contributing to the peak current data are
indicated next to the data points.
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sitization was less during dialysis with BAPTA-IS (data not
shown).

The capsaicin-activated currents recorded in external barium
also exhibited tachyphylaxis. It can be seen in Figure 7B ( filled
squares) that substantial tachyphylaxis occurs with consecutive
applications of capsaicin in the Ba-ES and SIS solutions. As
mentioned previously, an anomalous current potentiation oc-
curred occasionally in the presence of external barium during the
tachyphylaxis experiments. This increase in amplitude was ob-
served with all three internal chelation conditions; however, with

BAPTA-IS, the potentiation of the capsaicin-activated current
was the exclusive response, because none of the cells showed
tachyphylaxis (Fig. 7B, open diamonds; n 5 5). This is in contrast
to the acute desensitization observed with barium under the same
conditions.

Comparison of desensitization in calcium, barium,
nominal calcium, and calcium-free solutions
The observation that acute desensitization and tachyphylaxis are
supported in the barium-containing solution raised the question
of whether residual calcium rather than barium actually mediates
this desensitization. Because no external EGTA chelation was
present in the Ba-ES solution, contaminating calcium from the
water and stock solutions could potentially reach micromolar
concentrations. To address this issue, we assessed acute desensi-
tization and tachyphylaxis in an nominal Ca external solution
(Nom-Ca-ES).

The desensitization behavior for the four external solutions
(SES, Ba-ES, nom-Ca-ES, and 0 Ca-ES) and the SIS internal
solution are compared in Figure 7. Figure 7A indicates that the
degree of acute desensitization was highest in SES, reduced in
Ba-ES, and lowest in the nominal and 0 Ca solutions. There was
significantly greater acute desensitization in SES and Ba-ES when
compared with the two external solutions containing no added
divalent cation [p , 0.001, multivariate ANOVA (MANOVA),
Tukey–Kramer]. Moreover, there was no significant difference in
the acute desensitization observed for the SES and Ba-ES solu-
tions ( p . 0.05, MANOVA, Tukey–Kramer).

Figure 7B shows that the degree of tachyphylaxis was most
pronounced in external calcium, reduced in barium, and smallest
in the nominal and 0 Ca external solutions, consistent with the
observations on acute desensitization. A statistical analysis of the
tachyphylaxis observed for the second capsaicin application indi-
cated that there was no significant difference among the four
solutions ( p 5 0.059, one-way ANOVA), suggesting that a
calcium-independent process may also contribute to the reduction
in current amplitude. Nonetheless, comparison of the third and
fourth applications clearly indicates that external barium does
support greater tachyphylaxis than observed in the nominal and 0
Ca conditions.

Desensitization and nucleotide analogs
Intracellular calcium can modulate the process of desensitization
through a variety of mechanisms. Ligand- and voltage-gated ion
channels that conduct inward calcium currents can be desensitized
or inactivated by mechanisms involving kinases and phosphatases,
calcium, and voltage (Inoue et al., 1986; Kalman et al., 1988; Chen
et al., 1990; Clark et al., 1990). For example, the inactivation of
high voltage activated calcium channels and GABAA receptors
can be regulated by a Ca- and calmodulin-dependent dephosphor-
ylation event (Chad and Eckert, 1986; Armstrong and Eckert,
1987; Chen et al., 1990).

In the case of capsaicin responses, the only intracellular manip-
ulation thus far reported to affect tachyphylaxis is an inhibition of
the specific calcium- and calmodulin-dependent phosphatase cal-
cineurin (Yeats et al., 1992; Docherty et al., 1996). Based on this
suggestion that phosphorylation reactions are possibly involved in
desensitization, we examined the influence of changing intracel-
lular nucleotides on the acute desensitization and tachyphylaxis to
capsaicin. To examine the potential contribution of GTP-binding
proteins to desensitization, we compared capsaicin-activated cur-
rents recorded in internal solutions containing no added GTP, 100

Figure 7. Barium can partially substitute for calcium in support of
desensitization. A, Acute desensitization is measured as the percentage of
peak current that decays during a single 60 sec application of 1 mM
capsaicin (mean 6 SEM) for the indicated extracellular solutions. The
desensitization in nominal calcium or 0 Ca-ES is significantly less than that
in either calcium- or barium-containing externals ( p , 0.001; MANOVA
with Tukey–Kramer correction). B, Tachyphylaxis is represented by the
decline in maximum current with successive 60 sec applications of capsa-
icin (1 mM) in the indicated external solutions (open triangles, nominal
Ca21, n 5 6; inverted filled triangles, 0 Ca-ES, n 5 10; filled squares, Ba-ES,
n 5 5; open circles, SES, n 5 4). Data points are mean (bars, 6SEM)
fractional current. A 2 min interval separated each consecutive applica-
tion. Again it can be seen that barium and calcium support comparable
desensitization. Potentiation of current is seen in cells exposed to Ba-ES
and internal BAPTA-IS (open diamonds, n 5 5).
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mM GTP, or 500 mM GTPgS. The nucleotide ATP is necessary for
intracellular phosphorylation events, as well as energy-dependent
pumps and transport systems. To assess the role of ATP-
dependent mechanisms, capsaicin responses were recorded in
internal solutions that contained 2 mM MgATP, 2 mM ATPgS, or
no added ATP. In all of these experiments, SES was the external
solution, and the internal solution was identical to SIS except for
the absence or presence of the respective ATP and GTP analogs.
The nucleotide regenerating system was included in all internal
solutions except for the conditions with no added ATP or GTP.

Tachyphylaxis was assessed using successive exposures to 1 mM

capsaicin as described previously. A summary of the tachyphylaxis
results for the various internal solutions is shown in Figure 8A as the
percentage of reduction in the Imax for the second capsaicin chal-
lenge. There was no significant difference in the level of current
reduction for the internal solutions containing combinations of ATP
and GTP analogs ( p . 0.05, MANOVA, Tukey–Kramer). In con-
trast, a dramatically larger tachyphylaxis was observed for the inter-
nal solution with no added nucleotides ( p , 0.01).

This result implicates a role for ATP and/or GTP in the
tachyphylaxis processes regulating the desensitization state of the
capsaicin-activated channels. An alternative explanation for these

data is that the significant enhancement of tachyphylaxis results
from the absence of intracellular calcium chelation by ATP itself.
The exclusion of ATP from an internal solution containing no
other Ca chelator might be expected to result in higher concen-
trations of intracellular calcium after a capsaicin response, con-
sequently mediating a larger tachyphylaxis compared with ATP-
containing internal solutions. To test this possibility, calcium
chelation was restored to the internal solution containing no
added nucleotides by the addition of 10 mM BAPTA. If calcium
chelation by ATP is replaced by BAPTA, one would expect to
reverse the enhanced degree of tachyphylaxis seen in the absence
of nucleotides. In contrast to this expectation, the mean level of
current reduction for the second capsaicin application was similar
for internal solutions containing no added nucleotides regardless
of the absence or the presence of BAPTA (Fig. 8A). The en-
hanced tachyphylaxis observed in the absence of nucleotides is
illustrated by comparing the current traces recorded in one neu-
ron dialyzed with BAPTA-IS containing ATP and GTP (Fig. 8B)
with those obtained in another neuron dialyzed with BAPTA-IS
and no added nucleotides (Fig. 8C). Overall, these results suggest
that ATP is not simply acting as a calcium chelator but may

Figure 8. Tachyphylaxis of capsaicin
responses is dependent on intracellular
nucleotides. A, Current evoked during
the second of four consecutive capsaicin
applications (1 mM) expressed as a per-
centage of the maximum current ob-
tained during the first application
(mean 6 SEM) in various combinations
of intracellular adenosine or guanosine
nucleotides (see inset). Removal of all
intracellular nucleotides resulted in dra-
matically stronger tachyphylaxis ( p ,
0.01; MANOVA with Tukey–Kramer
correction). Chelation of intracellular
calcium by BAPTA does not mimic (B)
or prevent (C) the potentiation of
tachyphylaxis by removal of internal nu-
cleotides during consecutive capsaicin
applications. Each set of traces is from a
separate neuron, and gaps in the traces
represent 2 min interdose intervals.
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support a phosphorylation event that normally limits the degree of
tachyphylaxis.

In contrast to the effects on tachyphylaxis, the various manip-
ulations of ATP and GTP nucleotides had no effect on the acute
desensitization of the capsaicin-activated currents (results not
shown). A dramatic acute desensitization (90%) occurred in all
internal solutions tested, but the absence or presence of the
various analogs had no significant effect ( p 5 0.70, one-way
ANOVA). These results suggest that the processes responsible for
acute desensitization of capsaicin-activated channels are indepen-
dent of ATP-dependent phosphorylation and GTP-binding
proteins.

Desensitization in current clamp
The primary effect of capsaicin on sensitive DRG neurons is
excitation reflected by depolarization and the generation of action
potentials. Although a decline in capsaicin-activated cation cur-
rents during exposure to agonist under voltage-clamp conditions
provides a clear indication of desensitization, the consequence of
this phenomenon to the responsiveness of normal neurons is not
clear. To determine whether the desensitization observed under
voltage-clamp conditions influenced neuronal excitability under
more physiological conditions, we examined voltage responses to
continuous or repeated applications of capsaicin under current-
clamp conditions.

A typical membrane potential response to 1 mM capsaicin
recorded in SES and SIS solutions is shown in Figure 9A. After an

initial delay, the neuron depolarized and fired a single action
potential. The response exhibited acute desensitization as the
membrane potential returned almost completely to the resting
potential. Acute desensitization of the capsaicin response was
observed in all seven cells tested with 1 mM capsaicin. Tachyphy-
laxis was also present, because only a minimal depolarization was
produced by the second capsaicin application (Fig. 9A).

Capsaicin was also tested at a concentration of 30 nM. As seen
in Figure 9B, there was a minimal acute desensitization of the
capsaicin-induced depolarization. Although the failure of this
neuron to continuously fire action potentials after the initial train
of spikes suggests that some acute desensitization may have oc-
curred, an alternative explanation is that the voltage-gated Na
channels responsible for the spikes became inactivated. Acute
desensitization occurred in only two of five cells challenged with
30 nM capsaicin, suggesting that lower capsaicin concentrations
produce less acute desensitization under current-clamp condi-
tions. In contrast, tachyphylaxis was observed in all five cells tested
with 30 nM capsaicin. An example of a capsaicin application series
is shown in Figure 10A. The first capsaicin challenge produced an
initial train of action potentials and an extended depolarization.
During the subsequent capsaicin deliveries, no action potentials
were observed, and the depolarization of the membrane potential
was reduced.

Because the whole-cell configuration necessitates a disruption
of the plasma membrane, possibly disrupting calcium-buffering

Figure 9. Desensitization of mem-
brane potential responses to continuous
and consecutive applications of capsa-
icin under current-clamp conditions. A,
One micromolar capsaicin (horizontal
bars) evokes a strong depolarization,
triggering a pair of action potentials in a
DRG neuron. The depolarization sub-
sides in the continuous application of
capsaicin. A subsequent reapplication of
capsaicin after a 2 min interval elicits
only a weak depolarizing response. B, In
another neuron a lower concentration
of capsaicin (30 nM) elicits a strong de-
polarization and a burst of action poten-
tials. The depolarization is blunted but
maintained during the application of ag-
onist. A subsequent reapplication of
capsaicin (1 mM) elicits a second, tran-
sient response.
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capacity and signaling components critical for cellular responses,
we also investigated the desensitization of capsaicin responses
with the perforated patch technique. In general there was no
difference in the desensitization of responses to 30 nM capsaicin
recorded with the perforated patch technique versus the whole-
cell recording mode. Acute desensitization was observed for three
of eight cells, and tachyphylaxis occurred in five of six cells tested
(e.g., Fig. 10B). These data suggest that the desensitization of
capsaicin responses is not substantially different in intact versus
dialyzed neurons. This conclusion is supported by results from
voltage-clamp experiments completed with amphotericin B (re-
sults not shown) in which there was no significant difference in
desensitization of capsaicin-activated currents in neurons re-
corded with perforated patch and whole-cell techniques.

DISCUSSION
The precise mechanisms underlying desensitization of capsaicin
responses are not known. Our results, however, provide additional
clues linking the phenomena to calcium-dependent processes. In
summary, our data demonstrate that both acute desensitization
and tachyphylaxis of the capsaicin-activated current are depen-
dent on calcium concentration and independent of capsaicin con-
centration. There was no correlation between the overall extent of
acute desensitization and tachyphylaxis within a given cell, sug-
gesting that these two desensitization processes operate indepen-
dently to modulate capsaicin receptors. Our divalent cation sub-
stitution experiments indicate that barium can successfully

support both acute desensitization and tachyphylaxis, although
less effectively than does calcium. However, during intracellular
divalent chelation barium still supports acute desensitization
while inducing a potentiation of current during consecutive cap-
saicin applications. This again suggests separable processes for the
two forms of desensitization. The reduced ability of barium to
stimulate the desensitization machinery within the cell may reflect
a lower affinity or slower activation of divalent-dependent mech-
anisms by barium. Both types of desensitization were also ob-
served for a subset of capsaicin responses in the absence of
external calcium or barium, indicating that calcium-independent
processes can mediate some acute desensitization and tachyphy-
laxis (see Figs. 3C and 5C).

Acute desensitization
The dependence of acute desensitization on both the external
calcium concentration and the presence and identity of an
internal chelating agent suggests that a critical calcium concen-
tration must be established on the intracellular membrane
surface for activation of the acute desensitization process. At
the lower external calcium concentration of 1 mM, the acute
desensitization was not only sensitive to the presence of an
intracellular chelator but was differentially affected by EGTA
and BAPTA, which exhibit varying speeds of calcium chelation.
Above a 2 mM external Ca21 concentration the acute desensi-
tization process was insensitive to the presence of internal
chelators at relatively high concentrations.

Figure 10. Tachyphylaxis of capsaicin voltage responses. A, Whole-cell membrane potential recordings in a DRG neuron during consecutive applications
(horizontal bars) of 30 nM capsaicin separated by intervals of 2 min. Note the progressively weaker response with each additional agonist application. B,
Another neuron recorded under perforated patch conditions and exposed to consecutive capsaicin applications. Despite the intact intracellular milieu
afforded by this recording method, subsequent capsaicin responses were again weaker with successive applications.
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A major question regarding the mechanism of acute desensiti-
zation is whether the calcium critical for activation of the process
enters the cell through capsaicin-dependent channels or is re-
leased from internal calcium stores by calcium-induced calcium
release or other mechanisms such as inositol triphosphate-
dependent release. Calcium-imaging experiments (Oxford et al.,
1995) revealed a capsaicin-dependent increase in intracellular
calcium concentration that was maintained throughout a 1 min
capsaicin application. Thus an elevation of internal calcium is
maintained for the same interval in which the capsaicin-activated
current exhibits acute desensitization. From the results of the
caffeine experiments, an increase in calcium concentration at the
intracellular surface of the channel is sufficient to enhance acute
desensitization in the absence of external calcium and calcium
influx. Although a nonspecific block of the capsaicin-activated
current by caffeine would produce a similar result, a pharmaco-
logical block of ion current has not been reported as a mechanism
for caffeine action (Nehlig et al., 1992; Sawynok and Yaksh, 1993).

The limited observations of single capsaicin-gated channels also
suggest that acute desensitization requires the presence of some
intracellular factor. In the report of Forbes and Bevan (1988),
there is no mention of any desensitization of single channel
activity in cell-free membrane patches. Similarly, little acute de-
sensitization is evident in the single channel records of Dray et al.
(1990). Such continuous single channel activity in the excised
patches exposed to capsaicin and calcium suggests that the
calcium-dependent mechanism necessary for the acute desensiti-
zation of capsaicin-gated channels is not expressed within the
isolated membrane patch and may require some cytoplasmic
component.

Our observations that acute desensitization depends on the
internal calcium concentration represent the first mechanistic
evidence on the process of acute capsaicin desensitization. Our
internal nucleotide experiments indicate that acute desensitiza-
tion most likely does not involve ATP- or GTP-dependent mech-
anisms. This conclusion assumes that the endogenous nucleotides
were sufficiently replaced or eliminated within the 5 min cytoplas-
mic dialysis before agonist application. In addition, the possible
role of various intracellular signaling components should be
tested, including phosphatases, phospholipases, and cytoskeletal
components. In this regard, it has been recently proposed that
ATP and calcium modulate the activity of NMDA channels by
affecting the state of actin polymerization in the cytoskeleton
(Rosenmund and Westbrook, 1993). A series of detailed single
channel experiments would allow the investigation of the cellular
machinery necessary and sufficient to support acute desensitiza-
tion of capsaicin-activated channels.

Tachyphylaxis
Similar to acute desensitization, tachyphylaxis of capsaicin-
activated currents is sensitive to the concentration of free internal
calcium. The apparent dose–response curve for the external cal-
cium dependence of capsaicin tachyphylaxis is shifted toward
higher calcium levels by adding intracellular divalent chelators
EGTA and BAPTA (see Fig. 5). The differential success of EGTA
and BAPTA chelation at blocking tachyphylaxis in 2 mM external
Ca21 (see Fig. 5B,C) suggests that the internal calcium necessary
for tachyphylaxis must reach a critical concentration within a
particular interval to trigger tachyphylaxis successfully. However,
we cannot yet establish the critical calcium concentration required
to trigger tachyphylaxis, because we lack experimental data with
various fixed concentrations of intracellular calcium.

The intracellular mechanism responsible for tachyphylaxis of
the capsaicin-dependent current is activated during the initial
capsaicin response. The interval between the first and second
capsaicin applications can be varied over a wide range from 30 sec
to 20 min with no change in the level of tachyphylaxis observed for
the second capsaicin response (results not shown). This extreme
time window for the tachyphylaxis process suggests at least two
possibilities for the type of cellular mechanism involved: (1) a
specific enzymatic modification of the capsaicin receptor or asso-
ciated protein responsible for inactivation of the channels is
relatively “irreversible” for at least 20 min; or (2) the tachyphy-
laxis of capsaicin-activated channels is mediated by a process
activated during the first capsaicin response and continuously
operating for an extended period. One possible event that could
continuously activate the tachyphylaxis process would be a pro-
longed elevation of internal calcium levels after a capsaicin chal-
lenge. In the calcium-imaging experiments of Cholewinski et al.
(1993), intracellular calcium responses to 0.1 mM capsaicin re-
mained elevated after the removal of capsaicin and exhibited a
tachyphylaxis that required 40 min for a full recovery. Using
imaging of fluo-3 responses we have confirmed this observation,
indicating that calcium elevations triggered by capsaicin can out-
live agonist application by a considerable period. Thus calcium-
dependent enzymatic processes may be prolonged because of the
time course of calcium elevation.

A limited amount of information regarding the cellular mech-
anisms involved in tachyphylaxis can be derived from the nucle-
otide experiments in which the reduction of current was signifi-
cantly enhanced in the absence of ATP and GTP in the internal
solution. The important nucleotide seems to be ATP, because the
exclusion of GTP alone had no effect on tachyphylaxis. It is
possible, however, that internal ATP may have been converted to
GTP by transphosphorylating enzymes, thereby maintaining a
GTP supply within the cytoplasm. The increased tachyphylaxis
observed in the absence of added ATP is not because of a simple
removal of ATP-dependent calcium chelation, because the addi-
tion of BAPTA failed to reverse the effect. This result suggests
that an ongoing ATP-dependent event actually limits the extent of
tachyphylaxis experienced by the capsaicin-activated channels.
Possibly, a kinase-mediated phosphorylation of the capsaicin re-
ceptor–channel complex or associated protein interferes with
modulation by the tachyphylaxis machinery; alternatively, a simple
dephosphorylation of a critical protein may be responsible for
tachyphylaxis. In support of a phosphorylation role, Yeats et al.
(1992) observed an increase in the extent of tachyphylaxis in the
presence of nonspecific kinase inhibitors. Furthermore, the inhi-
bition of the calcium- and calmodulin-dependent phosphatase
calcineurin has been the only intracellular manipulation reported
to block tachyphylaxis successfully (Yeats et al., 1992; Docherty et
al., 1996). Moreover, evidence has been presented that barium
(which supports desensitization) can activate calcineurin-
dependent dephosphorylation independently of calcium and cal-
modulin (Verhage et al., 1995), consistent with our observations
that barium can support desensitization in the absence of calcium.

Summary
The results presented in this paper contribute to understanding
how calcium feeds back to desensitize capsaicin-activated chan-
nels. The importance of calcium in the desensitization of capsaicin
responses is not surprising considering the role of calcium in the
desensitization of other receptors, including the NMDA class of
the glutamate receptor family (Clark et al., 1990; Legendre et al.,
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1993) and the nicotinic acetylcholine receptor (Scubon-Mulieri
and Parsons, 1977). The characterization of desensitization pro-
cesses, such as those regulating the capsaicin response in rat DRG
neurons, is crucial to understanding how sensory neurons can
adapt their responses to repetitive stimuli in their environment.
Furthermore, the future development and characterization of
capsaicin analogs designed to combine increased desensitizing
properties with decreased pungency may lead to a more effective
therapeutic intervention for chronic pain conditions.
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